The origin of perpendicular magnetic anisotropy has been investigated in a thick Tb-Fe amorphous alloy plate prepared by dc high-rate sputtering. In the as-prepared samples with and without a Cu substrate, no distinct difference in perpendicular magnetic anisotropy was confirmed. After annealing, the perpendicular magnetic anisotropy in the sample with a Cu substrate was maintained, whereas that disappeared in the sample without a Cu substrate. Inducing thermal strains with an epoxy resin, the perpendicular magnetic anisotropy was restored. Therefore, it is concluded that the strong strains induced by the difference between the thermal expansion of the Tb-Fe amorphous alloy plate and the Cu substrate dominate to the origin of perpendicular magnetic anisotropy.
Introduction
Tb-Fe based amorphous alloys exhibit a strong perpendicular magnetic anisotropy and are widely used as magnetooptical (MO) disks. Up to date, several mechanisms for the origin of perpendicular magnetic anisotropy have been proposed. Especially, the atomic pair orderings have been discussed intensively. [1] [2] [3] [4] [5] [6] [7] [8] It is well known that a large spinorbit coupling of non-S-states in rare earth elements gives rise to a large local anisotropy. 9,10) TbFe 2 amorphous alloy exhibits an extremely large magnetic anisotropy, accompanied by large anisotropic magnetostrictions under high magnetic fields. 11) In rare earth amorphous alloys, the easy axis of local atomic magnetization is random in direction due to a structural disorder, and it is called the random magnetic anisotropy. 9, 10) Even the random magnetic anisotropy exists in the amorphous phase, it would possibly appear the unidirectional magnetic anisotropy associated with magnetoelastic effects when a compressive strain is introduced in the in-plane direction. It has been pointed out that magnetic properties of amorphous rare earth-transition metal (RE-TM) films are strongly affected by preparation conditions. 3) We have investigated Tb 21:8 Fe 78:2 amorphous alloy with a suitable composition for MO disks and found a low thermal expansion coefficient due to the Inver effect. 12) This behavior strongly suggests that a high level strain is induced by the difference between the thermal expansion of the Tb-Fe amorphous alloy and the substrate, accompanied by the perpendicular magnetic anisotropy. Therefore, the investigation of the effect of the substrate on the perpendicular magnetic anisotropy is meaningful.
In the present study, the perpendicular magnetic anisotropy in Tb 21:8 Fe 78:2 amorphous alloy has been investigated under the conditions with or without the substrate. Moreover, the hysteresis curve measurements have been examined after adhering epoxy resins to one surface side of the specimen without the substrate in order to confirm the restore of the perpendicular magnetic anisotropy caused by thermal strains.
Experiment
The Tb-Fe amorphous alloy specimen was prepared by dc high-rate sputtering on a water-cooled Cu substrate of 1 mm thick. The sputtering was carried out with a deposition rate of about 100 nm/s for about three days and the obtained amorphous alloy was a thickness of about 0.3 mm. Note that main purpose of the present study is to investigate the effect of strain in the amorphous plane. For thin films involve high level strains, they strongly curl up after removing from the substrate. Therefore, it may be difficult to investigate the relation between magnetic and mechanical properties. To obtain thick amorphous specimens, therefore, a high cooling rate of the substrate is required, and hence a non-magnetic metal Cu having a high thermal conductivity was used as the substrate. The prepared specimen has an enough thickness to investigate for the present purposes.
For the magnetic measurements, the specimens with the Cu substrate were cut into about 4 mm Â 4 mm in size. The specimens are thick enough to remove the Cu substrate by grinding with abrasive papers, and then the amorphous specimens of about 0.3 mm thickness without the substrate was prepared. Parallel and perpendicular room temperature hysteresis curves were measured with a vibrating sample magnetometer (VSM). The exothermic heat of the amorphous alloy was measured with a differential scanning calorimeter (DSC) under an argon atmosphere with a flow rate of 50 ml/min. In order to confirm the strain induced perpendicular magnetic anisotropy, epoxy resins (Stycast # 1622 and # 2850 KT) were adhered at 393 K to one surface side of the annealed specimens without the Cu substrate, and the hysteresis curves were obtained with the VSM. The thermal expansion was measured with a differential transformer-type dilatometer. Young's modulus of the epoxy resins was obtained from the strain-stress curve measured at room temperature with a tensile test instrument.
Results and Discussion
The flowchart of the sample preparation process is given in Fig. 1 . The sample in stage (II) was heated up to 400 K, near the Curie temperature, and the magnetic-field cooling in 0.005 T was carried out. The present amorphous alloy exhibits a sperrimagnetic property. 9, 10) Due to a strong uniaxial magnetic anisotropy of Tb, the magnetic moment is locked to the direction of the magnetic field in the higher temperature than the compensation temperature 350 K and the direction is kept below this temperature. Therefore, the magnetization below 350 K becomes negative. The thermomagnetization curve of Tb 21:8 Fe 78:2 amorphous alloy measured in a low magnetic field B ¼ 0:005 T is shown in Fig. 2 . In the vicinity of the compensation temperature, the coercive magnetic field H c drastically increases. 13, 14) The compensation temperature of the specimen is close to room temperature, suitable to confirm the magnetic anisotropy. The magnetization hysteresis curves of the Tb 21:8 Fe 78:2 amorphous alloy with and without the Cu substrate at the stages (I) and (II) in Fig. 1 are shown in Figs. 3(a) and (b), respectively. As shown in figures, a notable difference between the hysteresis curves of the in-plane (==) and the perpendicular (?) directions is observed, revealing that the average direction of local axis of easy magnetization points toward the perpendicular direction, and hence a significant perpendicular anisotropy is confirmed. Note that the difference in the coercive magnetic field is more than 0.6 T. It is well known that perpendicular anisotropic behaviors in Tb-Fe amorphous alloy system depend on the kind of substrates and deposition conditions. 1, 12) Such dependences have been discussed in terms of the specific atomic arrangement which is called the atomic pair-ordering. [1] [2] [3] [4] [5] [6] [7] [8] Even after removing the Cu substrate, both the residual strains caused by the restraint and the atomic pair-ordering can be conserved in the specimens. To inspect these models of the origins, the influence of annealing on the perpendicular magnetic anisotropy has been investigated for the specimens with and without the Cu substrate.
Shown in Fig. 4 (a) are the hysteresis curves for the specimen with the Cu substrate annealed at 573 K for 30 min at the stage (III) in Fig. 1 . In the annealed specimen with the substrate, the difference in the hysteresis reveals that the average direction of the local axis of easy magnetization still points toward the perpendicular direction normal to the disk plane, although the coercive magnetic field after annealing becomes lower and the residual magnetization becomes larger than those in the as-prepared state. The anisotropic magnetic field H a obtained from the convergence point of the extrapolation of the curves in the in-plane direction == and the perpendicular direction ? in high magnetic fields is about 2:8 AE 0:2 T. From the differential scanning calorimetric (DSC) measurements, the exothermic heat of structural relaxation was observed in both the specimens with and without the Cu substrate. The difference between the coercive magnetic field before and after annealing is observed as given in Figs. 3(a) and 4(a). These results imply the onset of atomic rearrangement due to the structural relaxation. Figure 4 (b) shows the hysteresis curve for the specimen removed the Cu substrate before annealing at 573 K for 30 min at the stage (IV). In contrast to the data in Fig. 4(a) , the specimens without the Cu substrate exhibit a drastic change in the two directions in the in-plane == and perpendicular ? to the plate plane hysteresis curves after annealing. The value of H a is about 1:0 AE 0:1 T. The coercive magnetic fields for the == and ? directions are almost the same in magnitude, indicating that the local magnetic anisotropy axis is dispersive and the total magnetic anisotropy to the perpendicular direction becomes small after annealing. These facts imply that the Cu substrate plays a crucial role for the appearance of the perpendicular magnetic anisotropy. The residual difference in the curves between the == and ? directions suggests that strain still remains even after annealing. To investigate the influence of the Cu substrate, the Cu substrate was removed from the sample at the stage (V) after annealing. The same sample given in Fig.  4 (a) was used. By carrying out the same measurements for the preceding specimens, the hysteresis curves are obtained as shown in Fig. 4(c) . By removing the Cu substrate after annealing, the perpendicular magnetic anisotropy is drastically decreased. It should be noted that the results in Fig. 4(c) are very similar to those in Fig. 4(b) , therefore, both the processes (I) ! (II) ! (IV) and (I) ! (III) ! (V) give the same influence on the perpendicular anisotropy in the present specimen. The results are contrast to the fact that there is no change in the hysteresis curves of the as-prepared specimen with and without the Cu substrate as seen from Figs. 3(a) and (b). The as-prepared sample involves high level strains which are scarcely recovered without annealing. The strain induced by sputtering process could effect the local structure and the randomness in the magnetic state. On the other hand, the structural anisotropy due to the atomic pair-ordering has been pointed out as one of the origin of the perpendicular magnetic anisotropy in studies of extended X-ray-absorption fine structure (EXAFS) of amorphous Tb-Fe and Tb-Fe multilayer specimens. [5] [6] [7] [8] It has also been pointed out that the structural anisotropy could easily be eliminated by annealing at 573 K. 6, 7) Therefore, the atomic pair-ordering disappears in the samples regardless of with or without the Cu substrate, and the perpendicular magnetic anisotropy in both the samples should evenly fade away by annealing. In the present results, the atomic structural anisotropy likely appears in the as-prepared state. However, a significant difference between the perpendicular magnetic anisotropy in the specimens with and without the Cu substrate is observed after annealing. Even though the structural relaxation occurs by annealing at 573 K, the difference between the perpendicular anisotropy in the specimens at the stages (III) and (IV) is explained by the stress induced by the elastic strain due to the difference between the thermal expansion of the Tb-Fe amorphous alloys and the Cu substrate.
To discuss the influence of stress on the perpendicular magnetic anisotropy, we should take the magnetoelastic effect into account. Figure 5 shows the temperature dependence of the thermal expansion coefficient of Tb 21:8 Fe 78:2 amorphous alloy, together with that of Cu and epoxy resins. From this figure, it is clear that Tb 21:8 Fe 78:2 amorphous alloy exhibits the Inver effect and its thermal expansion coefficient is very small in a wide temperature range, resulting in a marked difference from that of Cu. The difference in the thermal expansion coefficient Á ¼ Cu À TbFe around room temperature is about 12 Â 10 À6 in Fig. 5 . Therefore, it is expected to induce strong strains. The strain induced by the difference in the thermal expansion coefficient Á ¼ Cu À TbFe causes the stress ' as given by the following equation;
where E and v are Young's modulus and the Poisson ratio, respectively and ÁT is the temperature span of the thermal cycle. The value of v is about 0.33 for Fe-based amorphous alloy. 15) The induced uniaxial anisotropy K u is expressed as
where ! s is the linear magnetostriction. The linear magnetostriction ! s of Tb-Fe amorphous alloy is large about the order of 2 Â 10 À4 at the corresponding concentration to the present specimen. 16, 17) From these data, it is expected that the value of induced strain within ÁT ¼ 100 K is comparable to ! s for Tb-Fe based amorphous alloy used as MO disks. The present discussion highly suggests that a strong perpendicular magnetic anisotropy in an MO disk is caused by induced strains due to the difference between the thermal expansion of a Tb-Fe based amorphous alloy and a polycarbonate substrate.
The values of the thermal expansion coefficient for the epoxy resins (Grace Co. Stycast # 1266) are extremely large as shown in Fig. 5 . To confirm the effect of strain on the perpendicular magnetic anisotropy due to the difference between the thermal expansion of the specimen and the substrate, the epoxy resin such as Grace Co. Stycast # 1266 was adhered at 393 K to one side of the specimen without the substrate after annealing which used in Fig. 4(b) . Shown in Fig. 6(a) are the hysteresis curves for the sample adhered with the epoxy resin which is the stage (VI) in Fig. 1 . The coercive magnetic field in the hysteresis curve of the in-plane direction == is slightly smaller than that of the perpendicular direction ?. The value of the anisotropic magnetic field H a obtained from the convergence point of the extrapolating lines of the curves for the == and ? directions becomes 1:2 AE 0:1 T, showing a slightly restore of the perpendicular magnetic anisotropy. It should be pointed out from eq. (1) that the strain ' strongly depends on the difference in and Young's modulus. Accordingly, by changing the kind of epoxy resin with different Young's modulus, the magnitude of K u should be changed. For further discussions, similar experiments were carried out for much stiffer epoxy resin Grace Co. Stycast # 2850 KT. The hysteresis curves are shown in Fig.  6(b) . The anisotropy magnetic field H a obtained from the convergence point of the extrapolating lines of the curves == and ? is 1:9 AE 0:3 T, indicating the significant restore of the perpendicular magnetic anisotropy. Since the structural relaxation is irreversible phenomenon, there is no way of restore of perpendicular anisotropy due to the atomic pairorder. Therefore, it is safely concluded that the induced stress due to the difference in the thermal expansion coefficients is the origin of the revival of perpendicular magnetic anisotropy. Note that a snake-shape in the hysteresis curve is observed, implying that some population of the local easy axes is laying in the in-plane. Such a curve has been also observed in DyFe 2 thin film. 18) In order to make the straight forward change of the relation between Á and K u , the values of Young's modulus is necessary. Therefore, the value of E for Stycast # 1266 and # 2850 KT were measured with a tensile test instrument and the obtained stress-strain curves are shown in Fig. 7 . The initial slope of the curves stands for Young's modulus E, and the value of Stycast # 2850 KT was about 10 times larger than that of # 1266. The calculated values ', K u and H a and the values of H a determined from Figs. 6(a), (b) and 4(a) for specimens with Stycast # 1266, # 2850 KT and the Cu substrate, together with their Young's modulus E are listed in Table 1 . The values of H a obtained from eq. (1) and the experimental ones quantitatively coincide each other. The present results strongly imply that the perpendicular magnetic anisotropy in MO disks is due to the compressive stress induced in the in-plane direction of film, and the magnitude of anisotropic magnetic field is related to the magnitude of ' induced by the difference between the thermal expansion coefficient of a Tb-Fe amorphous alloy and a substrate. The thermal expansion coefficients of polycarbonates used as a substrate in commercially available magneto-optical (MO) and audio-mini (MD) disks are shown in Fig. 8 . The values of gradually increase in the temperature range from 300 to 400 K from about 65 to 80 Â 10 À6 K À1 , practically overlapping each other. The value of for Tb 21:8 Fe 78:2 amorphous alloy is given in the same figure, for comparison. The amorphous alloys used as commercial products are Tb-Fe based alloys and the behaviors of the perpendicular magnetic anisotropy are similar to the present data. The amorphous films used in these products are very thin compared with the thickness of the polycarbonate used as a disk substrate. Furthermore, the difference between of the polycarbonate and the amorphous alloy is significant. Therefore, a high level stress is induced by the thermal strain caused in the disk production processes.
Conclusion
In order to clarify the origin of the perpendicular magnetic anisotropy in Tb-Fe amorphous alloy, the hysteresis curves have been investigated under the conditions with and without a Cu substrate and also epoxy resins. Detailed experimental data have disclosed the origin of perpendicular magnetic anisotropy in the amorphous alloys. The main results are summarized below.
(1) No difference between the hysteresis curves is observed in the as-prepared sample with and without a Cu substrate. (2) The perpendicular magnetic anisotropy remains in the sample annealed at 573 K with a Cu substrate, though the coercive magnetic field becomes smaller than that in the as-prepared state. (3) The perpendicular magnetic anisotropy in the sample without a Cu substrate vanishes after annealing at 573 K. (4) The perpendicular magnetic anisotropy is restored in the sample annealed at 573 K by adhering epoxy resins at 393 K. (5) The restore of perpendicular magnetic anisotropy is related to the induced high level stress in the parallel direction of the film plane, and hence the difference between the thermal expansion coefficient of the substrate and the Tb-Fe amorphous alloy plays an important role. From the present results, it is concluded that a strong perpendicular magnetic anisotropy in MO and MD disks is closely related with the induced strain due to the difference between the thermal expansion of a Tb-Fe based amorphous film and a polycarbonate used as a disk substrate. Fig. 8 Temperature dependence of the thermal expansion coefficients of polycarbonates used as a substrate of magneto optical disks in the practical products, together with that of Tb 21:8 Fe 78:2 amorphous alloy.
